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

([SORULQJ&KHPLFDO%RQGVWKURXJK9DULDWLRQVLQ0DJQHWLF6KLHOGLQJ

3HWHU%.DUDGDNRYDQG.DWH(+RUQHU
'HSDUWPHQWRI&KHPLVWU\8QLYHUVLW\RI<RUN+HVOLQJWRQ<RUN<2''8.
 
$%675$&7'LIIHUHQFHVLQQXFOHDULVRWURSLFPDJQHWLFVKLHOGLQJVJLYHULVHWRWKHFKHPLFDO
VKLIWVPHDVXUHGLQ105H[SHULPHQWV,QFRQWUDVWWRH[LVWLQJ105H[SHULPHQWDOWHFKQLTXHV
TXDQWXPFKHPLFDOPHWKRGVDUHFDSDEOHRIFDOFXODWLQJLVRWURSLFPDJQHWLFVKLHOGLQJVQRWMXVWDW
QXFOHLEXWDOVRDWDQ\SRLQWLQWKHVSDFHVXUURXQGLQJDPROHFXOH8VLQJs-transEXWDGLHQH
HWKDQHHWKHQHDQGHWK\QHDVH[DPSOHVZHVKRZWKDWWKHYDULDWLRQVLQLVRWURSLFPDJQHWLF
VKLHOGLQJDURXQGDPROHFXOHUHSUHVHQWHGDVLVRVXUIDFHVDQGFRQWRXUSORWVSURYLGHDQ
XQH[SHFWHGO\FOHDUSLFWXUHRIFKHPLFDOERQGLQJZKLFKLVPXFKPRUHGHWDLOHGWKDQWKHWUDGLWLRQDO
GHVFULSWLRQLQWHUPVRIWKHWRWDOHOHFWURQGHQVLW\
 
,1752'8&7,21
:KDWZRXOGZHVHHLIZHZHUHDEOHWRPHDVXUHPDJQHWLFVKLHOGLQJVQRWMXVWDWQXFOHLDVLQ105
VSHFWURVFRS\EXWDOVRDWDQ\SRLQWZLWKLQWKHVSDFHVXUURXQGLQJDPROHFXOH"4XDQWXPFKHPLFDO
FDOFXODWLRQVUHSRUWHGLQWKLVSDSHULQGLFDWHWKDWZHZRXOGREVHUYHDSLFWXUHUHVHPEOLQJWKHWRWDO
HOHFWURQGHQVLW\GLVWULEXWLRQFRPLQJIURP;UD\GLIIUDFWLRQEXWDUJXDEO\VLJQLILFDQWO\ULFKHULQ
LQIRUPDWLRQDERXWWKHQDWXUHRIFKHPLFDOERQGV6RPHRIWKLVDGGLWLRQDOLQIRUPDWLRQVWHPVIURP
WKHIDFWWKDWDQDUELWUDU\SRLQWLQVSDFHFORVHWRDPROHFXOHVHQVHVWKURXJKLWVPDJQHWLF
VKLHOGLQJWKHEHKDYLRURIWKHHOHFWURQVDORQJDOOGLUHFWLRQVRULJLQDWLQJIURPWKLVSRLQWZKHUHDV
WKHYDOXHRIWKHWRWDOHOHFWURQGHQVLW\DWWKHVDPHSRLQWGRHVQRWFDUU\PXFKLQIRUPDWLRQDERXW
WKHGHQVLW\GLVWULEXWLRQLQLWVVXUURXQGLQJVH[FHSWIRUWKDWH[SHFWHGRIDVPRRWKQRUPDOL]HG
IXQFWLRQ
$FFRUGLQJWR105WKHRU\DQ\QXFOHXVJLQDPROHFXOHVXEMHFWHGWRDQH[WHUQDOPDJQHWLF
ILHOG%ZLOO³IHHO´DPDJQHWLFILHOG%JZKLFKLQJHQHUDOZLOOQRWEHWKHVDPHDV%)RUDQ
LVRODWHGPROHFXOHWKLVLVGXHWRWKHVKLHOGLQJRIQXFOHXVJE\WKHHOHFWURQVLQWKHPROHFXOH
&KHPLFDOO\GLIIHUHQWQXFOHLDUHVXUURXQGHGE\GLIIHUHQWHOHFWURQHQYLURQPHQWVDQGH[KLELW
GLIIHUHQWH[WHQWVRIVKLHOGLQJ%JDQG%DUHUHODWHGWKURXJKWKHHTXDWLRQ



%J íıJ%
ZKHUHıJLVWKHVHFRQGUDQNPDJQHWLFVKLHOGLQJWHQVRURIQXFOHXVJ7KHH[SHULPHQWDOO\
PHDVXUHG105FKHPLFDOVKLIWLVHTXDOWRWKHGLIIHUHQFHEHWZHHQWKHLVRWURSLFVKLHOGLQJRID
UHIHUHQFHQXFOHXVDQGWKHLVRWURSLFVKLHOGLQJRIQXFOHXVJWKHLVRWURSLFVKLHOGLQJıLVRLVGHILQHG
DVRQHWKLUGRIWKHWUDFHRIWKHVKLHOGLQJWHQVRU
,QIDFWQRWMXVWQXFOHLEXWDOVRDQ\SRLQWUZLWKLQWKHVSDFHVXUURXQGLQJDPROHFXOHDW
ZKLFKWKHUHLVVRPHQRQQHJOLJLEOHHOHFWURQGHQVLW\ȡUZLOOEHVKLHOGHGDQGH[SHULHQFHD
PDJQHWLFILHOG%UGLIIHUHQWIURP%7KHGLIIHUHQFHEHWZHHQ%UDQG%FDQEHXVHGWRGHILQH
DPDJQHWLFVKLHOGLQJWHQVRUDWUıU$WWKHPRPHQWLWLVLPSRVVLEOHWRPHDVXUHH[SHULPHQWDOO\
DQ\RIWKHFKDUDFWHULVWLFVRIDQRIIQXFOHXVVKLHOGLQJWHQVRUEXWWKLVWHQVRUFDQEHHYDOXDWHGLQD
VWUDLJKWIRUZDUGPDQQHUXVLQJVWDQGDUGTXDQWXPFKHPLFDOPHWKRGVIRUFDOFXODWLQJRQQXFOHXV
VKLHOGLQJWHQVRUV
7KHILUVWWKHRUHWLFDOHVWLPDWHVRIRIIQXFOHXVVKLHOGLQJVZHUHREWDLQHGE\-RKQVRQDQG
%RYH\ZKRGHYHORSHGDPHWKRGIRUDSSUR[LPDWLQJULQJFXUUHQWHIIHFWVEDVHGRQ3DXOLQJ¶VIUHH
HOHFWURQPRGHODQGXVHGLWWRFDOFXODWHSURWRQVKLHOGLQJVDWGLIIHUHQWSRLQWVLQWKHVXUURXQGLQJVRI
DEHQ]HQHULQJDQGFRQVWUXFWDFRQWRXUSORWRI³LVRVKLHOGLQJ´OLQHV%HWWHUNQRZQH[DPSOHVRI
RIIQXFOHXVVKLHOGLQJVDUHSURYLGHGE\WKHGLIIHUHQWW\SHVRIQXFOHXVLQGHSHQGHQWFKHPLFDOVKLIW
1,&6SRSXODUDURPDWLFLW\SUREHVSURSRVHGE\6FKOH\HUDQGFRZRUNHUV±
:ROLQVNLDGYDQFHGWKHLGHDWKDWWKHPDJQHWLFVKLHOGLQJWHQVRULQDQDWRPRUPROHFXOHFDQ
EHDQDO\]HGDVDFRQWLQXRXVIXQFWLRQRIWKHFRRUGLQDWHVRIDSRLQWLQVSDFHDQGH[DPLQHGWKH
FKDQJHVLQWKHVKLHOGLQJWHQVRUıUDORQJWKHPROHFXODUD[LVLQDVHULHVRIOLQHDUPROHFXOHV+H
REVHUYHGWKDWLQJHQHUDOWKHYDULDWLRQVLQWKHLVRWURSLFVKLHOGLQJıLVRUDQGLQWKHVKLHOGLQJ
FRPSRQHQWVSDUDOOHODQGSHUSHQGLFXODUWRWKHPROHFXODUD[LVZHUHVLPLODUWRWKHEHKDYLRURIWKH
WRWDOHOHFWURQGHQVLW\EXWVKRZHGVRPHGLIIHUHQFHVZKLFKKHDWWULEXWHGWRWKHIDFWWKDWWKHWRWDO
HOHFWURQGHQVLW\LVUHVSRQVLEOHIRUWKHHOHFWURQFKDUJHGLVWULEXWLRQZKHUHDVPDJQHWLFSURSHUWLHV
LQFOXGLQJVKLHOGLQJDUHGHWHUPLQHGE\WKHLQGXFHGFXUUHQWGHQVLW\7KHQH[WPDMRUVWHSLQWKH
WKHRU\RIRIIQXFOHXVVKLHOGLQJVZDVWKHZRUNRI.OHLQSHWHUet al.±ZKRJHQHUDWHGLVRWURSLF
FKHPLFDOVKLHOGLQJVXUIDFHV,&66VIRUDQXPEHURIPROHFXOHVXVLQJUHJXODUJULGVRIıLVRU
YDOXHVZLWKDUHODWLYHO\ZLGHVSDFLQJc7KHVH,&66VZHUHWKHQHPSOR\HGWRGLVFXVV
DURPDWLFLW\DQGDQWLDURPDWLFLW\GLDWURSLFDQGSDUDWURSLFUHJLRQVZLWKLQPROHFXOHVWKH
DQLVRWURSLFHIIHFWVGXHWRVSHFLILFVXEVWLWXHQWVHWF


,VRWURSLFVKLHOGLQJLVRVXUIDFHVXWLOL]LQJPXFKGHQVHUUHJXODUJULGVRIıLVRUYDOXHV
VSDFLQJRIcKDYHEHHQVKRZQ±WRUHYHDOVXEWOHIHDWXUHVRIWKHLVRWURSLFVKLHOGLQJ
DURXQGDPROHFXOHZKLFKFDQQRWEHVHHQLQWKH,&66VRI.OHLQSHWHUDQGFRZRUNHUVFRQVWUXFWHG
XVLQJFRDUVHUJULGV7KHVHPRUHGHWDLOHGıLVRULVRVXUIDFHVDQGFRQWRXUSORWVDOORZYHU\FOHDU
GLVWLQFWLRQEHWZHHQDURPDWLFDQGDQWLDURPDWLFV\VWHPVFRPSDULVRQVEHWZHHQWKHUHODWLYH
GHJUHHVRIDURPDWLFLW\RIKHWHURF\FOHVZLWKRQHDQGWZRKHWHURDWRPVDQGKLJKOLJKWWKHH[WHQWWR
ZKLFKFKHPLFDOERQGLQJLVDIIHFWHGE\DURPDWLFLW\DQGDQWLDURPDWLFLW\
,QWKLVSDSHUZHDQDO\]HWKHSRVVLELOLW\WRGHVFULEHFKHPLFDOERQGVXVLQJGHWDLOHG
FRPSXWHGLVRWURSLFVKLHOGLQJLVRVXUIDFHVDQGFRQWRXUSORWV$VWKHPDLQH[DPSOHZHKDYH
FKRVHQDPROHFXOHZKLFKLVYHU\IDPLOLDUWRFKHPLVWVs-transEXWDGLHQHDQRSHQFKDLQ
FRQMXJDWHGV\VWHPFRQWDLQLQJIRUPDOO\VLQJOHDQGGRXEOHFDUERQFDUERQERQGVZKLFKGXHWRʌ
HOHFWURQGHORFDOL]DWLRQDUHVWURQJHUDQGZHDNHUUHVSHFWLYHO\WKDQLVRODWHGFDUERQFDUERQVLQJOH
DQGGRXEOHERQGVVXFKDVWKRVHLQHWKDQHDQGHWKHQH7RLOOXVWUDWHWKHGLIIHUHQFHEHWZHHQWKH
VLQJOHDQGGRXEOHERQGVLQEXWDGLHQHD+FNHOPROHFXODURUELWDO+02FDOFXODWLRQJLYHVWKH
FRUUHVSRQGLQJWRWDOERQGRUGHUVDVDQGUDWKHUWKDQDQGUHVSHFWLYHO\:HVKRZ
WKDWWKHıLVRULVRVXUIDFHVDQGFRQWRXUSORWVGLVWLQJXLVKEHWZHHQWKHWZRW\SHVRIFDUERQFDUERQ
ERQGLQEXWDGLHQHPXFKEHWWHUWKDQWKHDQDORJRXVWRWDOHOHFWURQGHQVLW\SORWVPRUHRYHUWKH
LVRWURSLFVKLHOGLQJFRQWRXUSORWVVKRZYLVXDOO\GLVFHUQLEOHGLIIHUHQFHVHYHQEHWZHHQWKHUDWKHU
VLPLODUV\PPHWU\XQLTXHFDUERQK\GURJHQERQGV7KHPDJQHWLFVKLHOGLQJSLFWXUHRIERQGLQJLQ
s-transEXWDGLHQHLVFRPSDUHGWRDQDORJRXVGHVFULSWLRQVRIERQGLQJLQPROHFXOHVLQYROYLQJ
W\SLFDOH[DPSOHVRIFDUERQFDUERQVLQJOHGRXEOHDQGWULSOHERQGVHWKDQHHWKHQHDQGHWK\QH
UHVSHFWLYHO\

5(68/76$1'',6&866,21
$OOJDVSKDVHLVRWURSLFPDJQHWLFVKLHOGLQJDQGWRWDOHOHFWURQGHQVLW\YDOXHVGLVFXVVHGLQWKLV
SDSHUZHUHREWDLQHGXVLQJWZRPHWKRGV+DUWUHH)RFN+)DQGVHFRQGRUGHU0¡OOHU3OHVVHW
SHUWXUEDWLRQWKHRU\03ZKHQHYDOXDWLQJıLVRUWKHPROHFXODURUELWDOVZHUHH[SDQGHGLQ
WHUPVRIJDXJHLQFOXGLQJDWRPLFRUELWDOV*,$2V$OOıLVRU+)*,$2DQG03*,$2DQG
ȡU+)DQG03FDOFXODWLRQVZHUHSHUIRUPHGZLWKLQWKH*GSEDVLVE\PHDQVRI
*$866,$1)RUs-transEXWDGLHQHZHXVHGWKHCKJDVSKDVHJURXQGVWDWHHTXLOLEULXP
JHRPHWU\GHWHUPLQHGDIWHUDGMXVWLQJWKHURWDWLRQDOFRQVWDQWVREWDLQHGIURPURWDWLRQDO


VSHFWURVFRS\E\YLEUDWLRQURWDWLRQFRQVWDQWVFRPLQJIURPTXDQWXPFKHPLFDOFDOFXODWLRQVIRU
HWKDQHHWKHQHDQGHWK\QHXVHZDVPDGHRIWKHUHVSHFWLYHDGDKDQGDKH[SHULPHQWDO
JHRPHWULHVFROOHFWHGLQ5HI$OOFDOFXODWLRQVZHUHFDUULHGRXWXQGHUWKH³6&)7LJKW´
FRQYHUJHQFHFULWHULRQWKH03FDOFXODWLRQVZHUHRIWKH³03)XOO´W\SHDFFRXQWLQJIRUDOO
HOHFWURQVLQWKHFRUUHODWLRQWUHDWPHQWWRLQFUHDVHWKHDFFXUDF\RIWKHFRPSXWHGVKLHOGLQJ
WHQVRUV+)*,$2DQG03*,$2FDOFXODWLRQVLQFOXGHGWKH³&3+)6HSDUDWH´NH\ZRUG
7KHWKUHHGLPHQVLRQDOJULGRISRLQWVHPSOR\HGLQWKHFRQVWUXFWLRQRIGHWDLOHGıLVRUDQG
ȡULVRVXUIDFHVIRUs-transEXWDGLHQHLVGHILQHGZLWKLQDULJKWKDQGHG&DUWHVLDQFRRUGLQDWH
V\VWHPZLWKRULJLQDWWKHFHQWHURIPDVVzD[LVSHUSHQGLFXODUWRWKHPROHFXODUSODQHDQGyD[LV
SDUDOOHOWRWKHWZRFDUERQFDUERQ³GRXEOH´ERQGV7KHJULGLVUHJXODULQWKHVKDSHRIDFXEH
FHQWHUHGDWWKHRULJLQRIWKHFRRUGLQDWHV\VWHPZLWKHGJHVRIcSDUDOOHOWRWKHxyDQGzD[HV
DQGVSDFLQJRIcLQHDFKGLUHFWLRQ7RUHGXFHFRPSXWDWLRQDOHIIRUWıLVRUYDOXHVZHUH
FDOFXODWHGRQO\DWWKHîSRLQWVZLWKLQWKHILUVWDQGVHFRQGRFWDQWVyzWKH
UHPDLQLQJYDOXHVZHUHREWDLQHGWKURXJKUHSOLFDWLRQE\V\PPHWU\7KHJULGSRLQWVZHUHVSHFLILHG
LQWKH*$866,$1LQSXWDVJKRVWDWRPVZLWKRXWEDVLVIXQFWLRQVV\PERO³%T´DVWKH
*$866,$1LQSXWURXWLQHVOLPLWWKHQXPEHURIJKRVWDWRPVZLWKLQDVLQJOHJHRPHWU\
VSHFLILFDWLRQLWZDVQHFHVVDU\WRSHUIRUPVHSDUDWH105FDOFXODWLRQV(DFKRIWKHVH
FDOFXODWLRQVLQFOXGHGXSWRJKRVWDWRPVDQGSURYLGHGERWK+)*,$2DQG03*,$2UHVXOWV
7KHVHWRILQSXWILOHVZDVSUHSDUHGE\PHDQVRIDSXUSRVHZULWWHQSURJUDP)RUYLVXDOL]DWLRQ
SXUSRVHVDOO+)*,$2DQG03*,$2ıLVRUYDOXHVREWDLQHGIRUs-transEXWDGLHQH
ZHUHDVVHPEOHGLQ*$866,$1FXEHILOHV*$866,$1FXEHILOHVRI+)DQG03ȡUYDOXHV
ZHUHJHQHUDWHGGLUHFWO\E\PHDQVRIWKH*$866,$1FXEHJHQXWLOLW\
7KHıLVRUDQGȡULVRVXUIDFHVDQGFRQWRXUSORWVIRUs-transEXWDGLHQHDQGWKHıLVRU
FRQWRXUSORWVIRUHWKDQHHWKHQHDQGHWK\QHvide infraREWDLQHGXVLQJWKH+)DQG03PHWKRGV
WXUQHGRXWWREHYHU\VLPLODUWKHUHIRUHZHVKRZDQGGLVFXVVWKH03UHVXOWVRQO\



 
)LJXUH03*,$2LVRWURSLFVKLHOGLQJDDQG03WRWDOHOHFWURQGHQVLW\ELVRVXUIDFHVIRUs-trans
EXWDGLHQHDıLVRU SSPSRVLWLYHDQGQHJDWLYHıLVRUYDOXHVDUHVKRZQLQEOXHDQGUHGWKH
ıLVRU ±SSPYDOXHVIRUPIRXURYDOVKDSHVVXUURXQGLQJWKHFDUERQVEȡU DX

7KHıLVRU SSPDQGȡU DXLVRVXUIDFHVIRUs-transEXWDGLHQHDUHVKRZQ
LQ)LJXUH:KLOHVXSHUILFLDOO\WKHLVRWURSLFVKLHOGLQJDQGWRWDOHOHFWURQGHQVLW\LVRVXUIDFHV
ORRNVLPLODUWKHUHDUHVHYHUDOQRWDEOHGLIIHUHQFHV7KHEXOJHVRYHUWKH&±&³GRXEOH´ERQGVRQ
WKHıLVRU SSPLVRVXUIDFHDUHQRWLFHDEO\ODUJHUWKDQWKDWRYHUWKH³VLQJOH´ERQGLQWKH
PLGGOH,QFRQWUDVWWKHȡU DXLVRVXUIDFHHQYHORSVERWK³GRXEOH´DQG³VLQJOH´&±&
ERQGVLQYHU\PXFKWKHVDPHPDQQHUDQGGRHVQRWDOORZYLVXDOGLIIHUHQWLDWLRQEHWZHHQWKHWZR
W\SHVRIERQG7KHıLVRU íSSPLVRVXUIDFHVKRZQLQUHGLQ)LJXUHLOOXVWUDWHVWKH
SUHVHQFHRIUHODWLYHO\VPDOOGHVKLHOGHGUHJLRQVDURXQGWKHFDUERQDWRPV6XFKGHVKLHOGHG
UHJLRQVDURXQGVSK\EULGL]HGVHFRQGURZDWRPVKDYHEHHQREVHUYHGSUHYLRXVO\±DQGLWZDV
WKRXJKWWKDWWKHLUPRVWOLNHO\FDXVHZHUHULQJFXUUHQWVDVVRFLDWHGZLWKWKHʌHOHFWURQV+RZHYHU
s-transEXWDGLHQHLVDQRSHQFKDLQFRQMXJDWHGV\VWHPGHYRLGRIWUDGLWLRQDOULQJFXUUHQWV7KH
SUHVHQFHRIGHVKLHOGHG³KDORV´DURXQGVSK\EULGL]HGFDUERQVLQs-transEXWDGLHQHVXJJHVWV
WKDWWKLVHIIHFWLVDVVRFLDWHGZLWKDVSHFLILFW\SHRIʌHOHFWURQPRWLRQORFDOL]HGDURXQGVS
K\EULGL]HGVHFRQGURZDWRPVDQGGLIIHUHQWIURPWUDGLWLRQDOULQJFXUUHQWV
7KHUHLVDFHUWDLQVLPLODULW\EHWZHHQWKHıLVRU SSP03*,$2*GS
LVRVXUIDFHIRUs-transEXWDGLHQHVKRZQLQ)LJXUHDQGWKHıLVRU SSP&$66&)
*,$2*GSFRPSOHWHDFWLYHVSDFHVHOIFRQVLVWHQWILHOGZLWK³HOHFWURQVLQ
RUELWDOV´LVRVXUIDFHIRUEHQ]HQHUHSRUWHGLQ5HIHVSHFLDOO\LQWKHUHJLRQVVXUURXQGLQJ&±+
ERQGV>DVLWZDVIRXQGLQ5HILQWKHFDVHRIEHQ]HQHWKH+)*,$203*,$2DQG
&$66&)*,$2PHWKRGVDOOLQWKH*GSEDVLVSURGXFHYHU\VLPLODUVKLHOGLQJ
SLFWXUHV@7KHSUR[LPLW\RQWKHLQVLGHRIWKHEHQ]HQHULQJRIWKHVKLHOGHGUHJLRQVVXUURXQGLQJ


&±&ERQGVLQEHQ]HQHPDNHVWKHVHKRUL]RQWDOO\ZLGHUWKDQWKHFRUUHVSRQGLQJUHJLRQVLQs-trans
EXWDGLHQHKRZHYHUWKHYHUWLFDOH[WHQWVRIWKH&±&ERQGVLQEHQ]HQHDUHEHWZHHQWKRVHRI
&±&³GRXEOH´DQG³VLQJOH´ERQGVLQs-transEXWDGLHQHZKLFKUHIOHFWVWKHZHOONQRZQ
GLIIHUHQFHVLQWKHVWUHQJWKVRIWKHVHERQGVIRUH[DPSOHWKHWRWDO+02ERQGRUGHUIRUD&±&
ERQGLQEHQ]HQHLVEHWZHHQWKHUHVSHFWLYHYDOXHVIRUWKH&±&ERQGVLQEXWDGLHQHVHHWKH
,QWURGXFWLRQ
7RSURYLGHPRUHGHWDLOHGSLFWXUHVRIWKHFKDQJHVLQWKHLVRWURSLFVKLHOGLQJDQGWRWDO
HOHFWURQGHQVLW\DURXQGs-transEXWDGLHQHZHSUHSDUHGıLVRUDQGȡUFRQWRXUSORWVLQIRXU
SODQHVVHH)LJXUHV±7KHPROHFXODUSODQHıKDFRPSRVLWHYHUWLFDOSODQHı__SDVVLQJWKURXJK
DOOWKUHHFDUERQFDUERQERQGVDQGSHUSHQGLFXODUWRWKHPROHFXODUSODQHDQGWZRYHUWLFDOSODQHV
SHUSHQGLFXODUWRWKH³GRXEOH´DQG³VLQJOH´FDUERQFDUERQERQGVıAGDQGıAVHDFKRIZKLFK
VOLFHVWKHUHVSHFWLYHERQGLQKDOI'DWDIRUWKHıKFRQWRXUSORWVZHUHH[WUDFWHGIURPWKH
UHVSHFWLYHWKUHHGLPHQVLRQDOıLVRUDQGȡUJULGVYDOXHVXVHGLQWKHFRQVWUXFWLRQRIWKH
UHPDLQLQJFRQWRXUSORWVZHUHFDOFXODWHGLQGHSHQGHQWO\XVLQJDSSURSULDWHWZRGLPHQVLRQDOJULGV
RISRLQWVZLWKVSDFLQJRIcLQHDFKGLUHFWLRQ

 
)LJXUH3ODQHVLQs-transEXWDGLHQH0ROHFXODUSODQHıKJUH\XVHGLQ)LJXUHFRPSRVLWHYHUWLFDO
SODQHı__SDVVLQJWKURXJKDOOWKUHHFDUERQFDUERQERQGVDQGSHUSHQGLFXODUWRıKEOXHLQFOXGHVWKUHHSODQH
VHJPHQWVHDFKRIZKLFKVOLFHVWKURXJKRQHFDUERQFDUERQERQGXVHGLQ)LJXUHıAGDQGıAVYHUWLFDO
SODQHVSHUSHQGLFXODUWRWKH³GRXEOH´DQG³VLQJOH´FDUERQFDUERQERQGVHDFKSODQHSDVVHVWKURXJKWKH
PLGSRLQWRIWKHUHVSHFWLYHERQGJUHHQXVHGLQ)LJXUH


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
)LJXUH03*,$2LVRWURSLFVKLHOGLQJDDQG03WRWDOHOHFWURQGHQVLW\EFRQWRXUSORWVIRUs-trans
EXWDGLHQHLQWKHPROHFXODUSODQHıKVHH)LJXUHıLVRULQSSPȡULQDXGLVWDQFHVLQc
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
)LJXUH03*,$2LVRWURSLFVKLHOGLQJDDQG03WRWDOHOHFWURQGHQVLW\EFRQWRXUSORWVIRUs-trans
EXWDGLHQHLQWKHFRPSRVLWHYHUWLFDOSODQHı__VHH)LJXUHıLVRULQSSPȡULQDXGLVWDQFHVLQc
GRWWHGOLQHVVSHFLI\WKHSRVLWLRQVRIWKHFDUERQV

7KHFRPSDULVRQEHWZHHQWKHıLVRUDQGȡUFRQWRXUSORWVLQWKHıKDQGı__SODQHVVHH
)LJXUHVDQGUHYHDOVIXUWKHULPSRUWDQWGLIIHUHQFHVEHWZHHQWKHVHTXDQWLWLHV:KHQPRYLQJ
DORQJDERQGDZD\IURPDQDWRPWKHWRWDOHOHFWURQGHQVLW\UDSLGO\GHFUHDVHVDQGUHDFKHVD
PLQLPXPDWRUFORVHWRWKHERQGPLGSRLQWRUDELWFORVHUWRWKH+DWRPIRU&±+ERQGV
&KHPLFDOLQWXLWLRQVXJJHVWVWKDWWKHLVRWURSLFVKLHOGLQJVKRXOGEHKDYHLQDVLPLODUZD\DQGDUHDV
VXUURXQGHGE\KLJKHUHOHFWURQLFGHQVLW\ZRXOGEHPRUHVKLHOGHGWKDQDUHDVVXUURXQGHGE\ORZHU


HOHFWURQLFGHQVLW\+RZHYHUWKHRIIQXFOHXVLVRWURSLFVKLHOGLQJIROORZVDGLIIHUHQWSDWWHUQ
:KHQPRYLQJDORQJDERQGDQGDZD\IURPDQVSK\EULGL]HGFDUERQDWRPLQLWLDOO\WKHLVRWURSLF
VKLHOGLQJIDOOVVKDUSO\DQGEHFRPHVQHJDWLYHWKHQRQFHSDVWWKHGHVKLHOGHGUHJLRQVXUURXQGLQJ
WKHDWRPLWVWDUWVWRLQFUHDVHDQGUHDFKHVDPD[LPXPDWRUYHU\FORVHWRWKHERQGPLGSRLQW,IZH
VWDUWDWDK\GURJHQDWRPWKHLVRWURSLFVKLHOGLQJLQFUHDVHVDOOWKHZD\WRWKHFHQWUDOSDUWRIWKH
ERQG)LJXUHDZKLFKVKRZVWKHKRUL]RQWDOFURVVVHFWLRQVRIDOO&±&DQG&±+ERQGVLQs-
transEXWDGLHQHDQG)LJXUHVDDDQGFZKLFKVKRZWKHYHUWLFDOFURVVVHFWLRQVRIWKH
&±&ERQGVFOHDUO\GHPRQVWUDWHWKHSUHVHQFHRIVL]HDEOHVKLHOGHGUHJLRQVHQYHORSLQJLQGLYLGXDO
ERQGVVWURQJHUERQGVDUHLQVLGHODUJHUVKLHOGHGUHJLRQVZLWKLQZKLFKERWKWKHUDWHDWZKLFKWKH
VKLHOGLQJLQFUHDVHVZKHQDSSURDFKLQJWKHOLQHFRQQHFWLQJWKHDWRPVDQGWKHPD[LPXPVKLHOGLQJ
DFKLHYHGDUHKLJKHUWKDQWKRVHIRUZHDNHUERQGV:KLOHDFDUHIXODQDO\VLVRIWKHWRWDOHOHFWURQ
GHQVLW\FRQWRXUSORWV>VHH)LJXUHVEEEDQGG@FDQDOVRUHYHDOVRPHGLIIHUHQFHV
EHWZHHQVWURQJHUDQGZHDNHUERQGVWKHVHGLIIHUHQFHVDUHPRUHVXEWOHDQGPXFKOHVVREYLRXV
WKDQWKHGLIIHUHQFHVREVHUYHGLQWKHLVRWURSLFVKLHOGLQJFRQWRXUSORWV

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
)LJXUH03*,$2LVRWURSLFVKLHOGLQJDFDQG03WRWDOHOHFWURQGHQVLW\EGFRQWRXUSORWVIRUs-
transEXWDGLHQHLQWKHıAGDEDQGıAVFGYHUWLFDOSODQHVSHUSHQGLFXODUWRWKH³GRXEOH´DQG³VLQJOH´
FDUERQFDUERQERQGVVHH)LJXUHıLVRULQSSPȡULQDXGLVWDQFHVLQcFURVVHVVSHFLI\WKH
SRVLWLRQVRIWKHERQGV



:KHQH[DPLQLQJWKHLVRWURSLFVKLHOGLQJDQGWRWDOHOHFWURQGHQVLW\FRQWRXUSORWVLQWKH
PROHFXODUSODQH>VHH)LJXUHDDQGE@LWLVLPSRUWDQWWRUHDOL]HWKDWWKHLQSODQHıLVRUYDOXHV
LQFOXGHʌHOHFWURQFRQWULEXWLRQVFRPLQJIURPı]]UZKHUHDVWKHLQSODQHȡULVGHWHUPLQHG
HQWLUHO\E\WKHıHOHFWURQV7KLVLVRQHRIWKHUHDVRQVZK\WKHERQGLQJSLFWXUHVKRZQE\WKH
ıLVRUFRQWRXUSORWLQ)LJXUHDLVPRUHIHDWXUHIXOLQFRPSDULVRQWRLWVȡUFRXQWHUSDUWLQ
)LJXUHE+RZHYHUHYHQWKRXJKWKHWRWDOHOHFWURQGHQVLW\SORWVLQYHUWLFDOSODQHVLQ
)LJXUHVEEDQGGLQFOXGHERWKıDQGʌHOHFWURQFRQWULEXWLRQVWKHGLIIHUHQFHVEHWZHHQ
³VLQJOH´DQG³GRXEOH´&±&ERQGVDUHPXFKHDVLHUWRREVHUYHLQWKHFRUUHVSRQGLQJLVRWURSLF
VKLHOGLQJFRQWRXUSORWVLQ)LJXUHVDDDQGFUHVSHFWLYHO\

10
10
20
20
30
40
-2 -1 0 1 2
-1
0
1
C C
10
10
20
30
40
-2 -1 0 1 2
-1
0
1
10
10
0
2
4
0
40
50
-2 -1 0 1 2
-1
0
1
10
10
20
-2 -1 0 1 2
-1
0
1
C C
-70
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
70
(b)(a)
(d)(c)

)LJXUH03*,$2LVRWURSLFVKLHOGLQJFRQWRXUSORWVIRUHWKDQHLQRQHRIWKHıGV\PPHWU\SODQHVD
HWKHQHLQWKHPROHFXODUSODQHEDQGLQWKHYHUWLFDOV\PPHWU\SODQHSDVVLQJWKURXJKWKHWZRFDUERQVG
HWK\QHLQRQHRIWKHıYV\PPHWU\SODQHVFıLVRULQSSPGLVWDQFHVLQc

6RWKDWZHFDQFRPSDUHWKHPDJQHWLFVKLHOGLQJSLFWXUHRIERQGLQJLQs-trans
EXWDGLHQHWRDQDORJRXVGHVFULSWLRQVRIERQGLQJLQHWKDQHHWKHQHDQGHWK\QHZHSUHSDUHGıLVRU
FRQWRXUSORWVLQRQHRIWKHıGV\PPHWU\SODQHVLQHWKDQH>VHH)LJXUHD@LQWKHPROHFXODUSODQH
DQGLQWKHYHUWLFDOV\PPHWU\SODQHSDVVLQJWKURXJKWKHWZRFDUERQVLQHWKHQH>VHH)LJXUHE
DQGGUHVSHFWLYHO\@DQGLQRQHRIWKHıYV\PPHWU\SODQHVLQHWK\QH>VHH)LJXUHF@&OHDUO\


WKHVL]HVRIWKHVKLHOGHGDUHDVEHWZHHQWKHFDUERQVDQGWKHYDULDWLRQVLQVKLHOGLQJLQWHQVLW\
ZLWKLQWKHVHDUHDVDUHFRQVLVWHQWZLWKWKHH[SHFWHGGLIIHUHQFHVEHWZHHQFDUERQFDUERQVLQJOH
GRXEOHDQGWULSOHERQGV&ORVHH[DPLQDWLRQRIWKHıLVRUFRQWRXUSORWVLQWKHPROHFXODUDQG
YHUWLFDOSODQHVRIs-transEXWDGLHQHDQGHWKDQH>VHH)LJXUHVDDQGEDQGDDQGG
UHVSHFWLYHO\@VKRZVWKDWWKH&±&³GRXEOH´ERQGLQs-transEXWDGLHQHLVZHDNHUWKDQWKH
FRUUHVSRQGLQJERQGLQHWKHQHWKHPXFKZHDNHU&±&³VLQJOH´ERQGLQs-transEXWDGLHQHVWLOO
EHDUVPRUHVLPLODULW\WRWKH&±&GRXEOHERQGLQHWKHQHWKDQWRWKH&±&VLQJOHERQGLQHWKDQH
7KHUHDUHQRGHVKLHOGHG³KDORV´DURXQGWKHVSK\EULGL]HGFDUERQVLQHWKDQH>VHH)LJXUHD@
WKHGHVKLHOGHG³KDORV´QH[WWRWKHVSK\EULGL]HGFDUERQVLQHWK\QHDUHQRWRQO\PXFKVPDOOHU
WKDQWKRVHLQHWKHQHDQGs-transEXWDGLHQH>cf.)LJXUHVE±GDDQGD@EXWDOVR
GLUHFWHGWRZDUGVRSSRVLQJFDUERQVRQO\i.e.HWK\QHGRHVQRWVKRZGHVKLHOGHGDUHDVDORQJ&±+
ERQGV,WLVZHOONQRZQWKDWDPRQJHWKDQHHWKHQHDQGHWK\QHWKHPRVWGHVKLHOGHGFDUERQ
QXFOHLDUHWKRVHLQHWKHQHIROORZHGE\HWK\QHDQGHWKDQHVHHIRUH[DPSOHWKH&DEVROXWH
VKLHOGLQJVFDOH7KLVRUGHULQJFDQEHH[SODLQHGE\WKHGLIIHUHQFHVEHWZHHQWKHFORVH
HQYLURQPHQWVRIWKHFDUERQQXFOHLLQHWKDQHHWKHQHDQGHWK\QHVKRZQLQ)LJXUH
 7KHıLVRUFRQWRXUSORWVIRUHWKDQHHWKHQHHWK\QHDQGs-transEXWDGLHQHLQ
)LJXUHVDDQGDGHPRQVWUDWHWKDWWKHVWDWHRIWKHK\EULGL]DWLRQRIWKHFDUERQDWRPKDVD
SURQRXQFHGLQIOXHQFHRQWKHVKDSHVDQGLQWHQVLWLHVRIWKHVKLHOGHGDUHDVRYHUWKHERQGVLQZKLFK
WKLVDWRPSDUWLFLSDWHV7KHLVRWURSLFVKLHOGLQJıLVRULVDVPRRWKIXQFWLRQRIWKHSRVLWLRQYHFWRU
UWKHUHIRUHWKHPRUHH[WHQVLYHYDULDWLRQVLQıLVRUFDXVHGE\WKHSUHVHQFHRIGHVKLHOGHG³KDORV´
DURXQGVSK\EULGL]HGFDUERQV³VTXHH]H´WKHVKLHOGHGUHJLRQVRYHUWKH&±&DQG&±+ERQGVLQ
ZKLFKWKHVHDWRPVDUHLQYROYHGPDNLQJWKHVHUHJLRQVVPDOOHUDQGOHVVVKLHOGHG7RDOHVVHU
GHJUHHWKLVHIIHFWLVDOVRREVHUYHGIRUWKHVSK\EULGL]HGFDUERQVLQHWK\QHZKHUHLWLPSDFWVWKH
&±&ERQGRQO\$VDFRQVHTXHQFHLIRQHH[DPLQHVıLVRUFRQWRXUSORWVLQWKHUHVSHFWLYH
PROHFXODUSODQHVRQO\WKH&±+ERQGVWRVSK\EULGL]HGFDUERQVDSSHDUWREHVOLJKWO\ZHDNHU
WKDQWKRVHWRVSDQGVSK\EULGL]HGFDUERQV$TXDQWLWDWLYHFRPSDULVRQEHWZHHQ&±+ERQGVWR
VSVSDQGVSK\EULGL]HGFDUERQVZRXOGUHTXLUHDQDQDO\VLVRIWKHVKLHOGLQJLQWHQVLWLHVZLWKLQ
WKHYROXPHVVXUURXQGLQJWKHVHERQGVXVLQJWKUHHGLPHQVLRQDOıLVRUGDWDVXFKDVWKH
*$866,$1FXEHILOHXVHGWRSORWWKHıLVRU SSPLVRVXUIDFHVVKRZQLQ)LJXUHD
$FRPSDULVRQEHWZHHQWKHLVRWURSLFVKLHOGLQJFRQWRXUSORWVLQWKHUHVSHFWLYHPROHFXODU
SODQHVIRUs-transEXWDGLHQHHWKHQHEHQ]HQHILYHPHPEHUHGKHWHURF\FOHVZLWKRQH


KHWHURDWRPIXUDQS\UUROHDQGWKLRSKHQHDQGKHWHURF\FOHVZLWKWZRKHWHURDWRPVR[D]ROH
LPLGD]ROHDQGWKLD]ROHVKRZVDUHPDUNDEOHVLJQDWXUHOLNHFRQVLVWHQF\LQWKHPDJQHWLF
VKLHOGLQJYDULDWLRQVDURXQGVSFDUERQVDQGRYHUWKHERQGVLQZKLFKWKHVHDWRPVDUHLQYROYHG
7KLVLVDQLQGLFDWLRQWKDWWKHPDJQHWLFVKLHOGLQJSLFWXUHRIFKHPLFDOERQGLQJLVWUDQVIHUUDEOH
EHWZHHQPROHFXOHV

&21&/86,216
7KHFRPSDULVRQEHWZHHQWKHFRPSXWHGLVRWURSLFVKLHOGLQJDQGWRWDOHOHFWURQGHQVLW\
LVRVXUIDFHVDQGFRQWRXUSORWVIRUs-transEXWDGLHQHUHSRUWHGLQWKLVSDSHUGHPRQVWUDWHVWKDW
VWXG\LQJWKHFKDQJHVLQLVRWURSLFVKLHOGLQJLQWKHVSDFHVXUURXQGLQJDPROHFXOHSURYLGHVD
SURPLVLQJZD\RIORRNLQJDWFKHPLFDOERQGLQJLQZKLFKIHDWXUHVMXVWKLQWHGLQWRWDOHOHFWURQ
GHQVLW\SORWVDUHVKRZQPXFKPRUHFOHDUO\DPSOLILHGLQDPDQQHUFRQVLVWHQWZLWKFKHPLFDO
LQWXLWLRQ,VRWURSLFVKLHOGLQJMXVWDVWKHWRWDOHOHFWURQGHQVLW\VKRZVGHWDLOVRIDOOERQGVLQD
PROHFXOHLQWKLVSDUWLFXODUFDVHRIDOO&±&DQG&±+ERQGVZLWKRXWVHSDUDWLQJWKH&±&ERQGV
LQWRıDQGʌFRPSRQHQWV'XHWRWKHSDUWLDOFKDUDFWHURIWKHFDUERQFDUERQ³VLQJOH´DQG³GRXEOH´
ERQGVLQs-transEXWDGLHQHH[SRVLQJWKHGLIIHUHQFHVEHWZHHQWKHVHERQGVLVPRUHGLIILFXOW
WKDQGRLQJVRIRUDPROHFXOHZLWKLVRODWHGVLQJOHDQGGRXEOHERQGVGLVWLQJXLVKLQJEHWZHHQWKH
WKUHHV\PPHWU\XQLTXH&±+ıERQGVZKLFKDUHYHU\VLPLODULQVWUHQJWKLVDQHTXDOO\FKDOOHQJLQJ
WDVN,IWKHDLPLVWRFKDUDFWHUL]HERQGVXVLQJVLQJOHQXPEHUVERQGRUGHUVIURPVLPSOH+02
WKHRU\IRUWKH&±&ERQGVRUDOWHUQDWLYHDOOHOHFWURQDSSURDFKHVPD\SURYLGHUHDVRQDEOH
HVWLPDWHVRIUHODWLYHERQGVWUHQJWKVEXWLIZHZDQWWRLQYHVWLJDWHWKHVSDWLDOH[WHQWVRIWKHERQGV
DQGWKHZD\LQZKLFKERQGLQJLQWHUDFWLRQVYDU\DURXQGERQGVWKHWRWDOHOHFWURQGHQVLW\SORWVDUH
RIWHQQRWSDUWLFXODUO\KHOSIXO7KHLQIRUPDWLRQDERXWFKHPLFDOERQGLQJFDUULHGE\WKHWRWDO
HOHFWURQGHQVLW\FDQEHHQKDQFHGE\FDOFXODWLQJDQGH[DPLQLQJLWVJUDGLHQWDQG/DSODFLDQDQ
H[DPSOHLVSURYLGHGE\%DGHU¶V4XDQWXP7KHRU\RI$WRPVLQ0ROHFXOHV47$,0DGGLWLRQDO
GHWDLOVFDQEHREWDLQHGWKURXJKDGRPDLQDYHUDJHG)HUPLKROH'$)+DQDO\VLV2WKHU
DSSURDFKHVXVHGWRDQDO\]HFKHPLFDOERQGLQJHPSOR\PRUHFRPSOLFDWHGGHVFULSWRUV7KH
HOHFWURQORFDOL]DWLRQIXQFWLRQ(/)DQGWKHORFDOL]HGRUELWDOORFDWRU/2/LQYROYHWKH
NLQHWLFHQHUJ\GHQVLW\WKHWRWDOHOHFWURQGHQVLW\DQGLWVJUDGLHQWIRUDUHFHQWUHYLHZRIWKHVHDQG
RWKHUPHWKRGVWKDWFDQEHXVHGWRDQDO\]H³IX]]\´FKHPLFDOFRQFHSWVVXFKDVWKHFKHPLFDOERQG
VHH5HI,QFRQWUDVWDVVKRZQE\RXUUHVXOWVIRUs-transEXWDGLHQHWKHLVRWURSLF


VKLHOGLQJLVRVXUIDFHVDQGFRQWRXUSORWVSURYLGHKLJKOHYHOVRIGHWDLODERXWFKHPLFDOERQGLQJ
GLUHFWO\ZLWKRXWDQHHGWRFRQVWUXFWDGGLWLRQDOPRUHFRPSOLFDWHGGHVFULSWRUV)XUWKHUDGYDQWDJHV
RIDQDQDO\VLVEDVHGRQWKHLVRWURSLFVKLHOGLQJDUHWKDWLWKDVDVWUDLJKWIRUZDUGSK\VLFDO
LQWHUSUHWDWLRQDQGMXVWDVWKHWRWDOHOHFWURQGHQVLW\LVXQGHUSLQQHGE\H[SHULPHQWDOO\PHDVXUDEOH
TXDQWLWLHVQXFOHDUVKLHOGLQJV
7KHLVRWURSLFVKLHOGLQJFRQWRXUSORWVIRUHWKDQHHWKHQHDQGHWK\QHLOOXVWUDWHYHU\ZHOOWKH
GLIIHUHQFHVEHWZHHQFDUERQFDUERQVLQJOHGRXEOHDQGWULSOHERQGVHYHQYLVXDOFRPSDULVRQ
EHWZHHQWKHSORWVIRUHWKHQHDQGs-transEXWDGLHQHLVVXIILFLHQWWRVKRZWKDWWKHHWKHQH
FDUERQFDUERQERQGLVVWURQJHUWKDQWKH³GRXEOH´ERQGLQs-transEXWDGLHQH7KHGLIIHUHQFHV
EHWZHHQWKHFORVHVXUURXQGLQJVRIWKHVSVSDQGVSK\EULGL]HGFDUERQVLQHWKDQHHWKHQHDQG
HWK\QHFDQEHOLQNHGWRWKHH[SHULPHQWDOREVHUYDWLRQWKDWWKHPRVWGHVKLHOGHGFDUERQQXFOHLDUH
WKRVHLQHWKHQHIROORZHGE\HWK\QHDQGHWKDQH7KLVLVWKHILUVWLQGLFDWLRQWKDWWKHGHVKLHOGHG
³KDORV´DURXQGVSDQGVSK\EULGL]HGFDUERQVREVHUYHGLQLWLDOO\LQEHQ]HQHDQGF\FOREXWDGLHQH
UHODWHWRH[SHULPHQWDOO\PHDVXUDEOH105SURSHUWLHV
7KHFRPSXWDWLRQDOFRVWVDVVRFLDWHGZLWKFDOFXODWLQJJULGVRILVRWURSLFVKLHOGLQJYDOXHV
DUHKLJKHUWKDQWKRVHQHHGHGIRUHYDOXDWLQJWKHWRWDOHOHFWURQGHQVLW\+RZHYHUIRUDQXPEHURI
PROHFXOHVLWZLOOEHVXIILFLHQWWRXVHWKHUHODWLYHO\FKHDS+)*,$2PHWKRG,WLVZHOONQRZQWKDW
DFFXUDWHQXFOHDUVKLHOGLQJFDOFXODWLRQVUHTXLUHH[WHQGHGEDVLVVHWVWKHVDPHDSSOLHVWR1,&6LI
WKHVHDUHXVHGWRFRPSDUHPROHFXOHVH[KLELWLQJVLPLODUOHYHOVRIDURPDWLFLW\,QRXUH[SHULHQFH
WKHPDJQHWLFVKLHOGLQJYDULDWLRQVRYHUERQGVDUHOHVVDIIHFWHGE\WKHTXDOLW\RIWKHEDVLVVHWXVHG
LQWKHFDOFXODWLRQVDQGVPDOOHUEDVLVVHWVVXFKDV*GRUHYHQ*GFDQSURGXFH
SLFWXUHVZKLFKVKRZPRUHVLJQLILFDQWGLIIHUHQFHVIURPWKRVHVKRZQLQ)LJXUHV±RQO\ZLWKLQ
WKHUHJLRQVFORVHWRWKHQXFOHL
,QSULQFLSOHRQFHGDWDDERXWWKHLVRWURSLFVKLHOGLQJGLVWULEXWLRQDURXQGDPROHFXOHDUH
DYDLODEOHWKLVGLVWULEXWLRQFDQEHSDUWLWLRQHGXVLQJDQ\PHWKRGWKDWFDQEHDSSOLHGWRWKHWRWDO
HOHFWURQGHQVLW\IRUH[DPSOH47$,0RU+LUVKIHOG¶VDSSURDFKZLWKWKHUHVWULFWLRQWKDWIRU
QRZGHULYDWLYHVQHHGWREHQXPHULFDOUDWKHUWKDQDQDO\WLFDO

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7KHDXWKRUVGHFODUHQRFRPSHWLQJILQDQFLDOLQWHUHVWV

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